Infections with Gram-negative bacteria form an increasing risk for human health, which is 37 mainly due to the increase in antibiotic resistance. The cell envelope of Gram-negative 38 bacteria consists of an inner membrane, a peptidoglycan layer and an outer membrane, which 39 forms an impermeable barrier to many antibiotics and antimicrobial proteins. The 40 complement system is an important factor of the human immune system that can efficiently 41 kill Gram-negative bacteria via the formation of large pores in the bacterial outer membrane, 42
Introduction 69 cell death. Furthermore, although the bactericidal activity of the MAC has been analyzed in 103 combination with other immune factors 19, 20 , tools to study these processes at a molecular level 104 were limiting. 105 106 We recently developed a fluorescent reporter system to distinguish between outer and inner 107 membrane perforation in Gram-negative bacteria by flow cytometry. Specifically, E. coli was 108 genetically engineered to express mCherry in the periplasm and GFP in the cytoplasmic 109 space. Leakage of these proteins and influx of impermeable DNA dyes functioned as a 110 detailed readout for membrane damage. Using these tools, we demonstrated that the MAC 111 efficiently permeabilizes the bacterial outer membrane which can, after a delay, also trigger 112 destabilization of the bacterial inner membrane 10, 18 . Whereas outer membrane damage by 113 itself is not sufficient to kill Gram-negative bacteria, inner membrane damage is crucial to 114 prevent colony formation. By studying how MAC pores affect membrane integrity using 115 purified complement proteins, we also noticed that the MAC can efficiently kill Gram-116 negative bacteria, but does not trigger leakage of cytoplasmic proteins (GFP). Furthermore, 117 MAC pores do not alter the cell shape of bacteria 10,18 , suggesting that the peptidoglycan layer 118 remains intact. This suggests that although the MAC is able to directly kill Gram-negative 119 bacteria, other factors are required to further degrade the bacterial cell envelope. 120
121
Here we demonstrate, at a molecular level, how MAC-dependent outer membrane damage 122 enhances the susceptibility of E. coli to antimicrobial proteins with different effector 123 functions, such as human lysozyme and Group IIA secreted phospholipase A2 (hGIIA) 21 . 124
Lysozyme turned out to be the crucial factor for the disintegration of the cell wall of E. coli in 125
Nevertheless, confocal microscopy images revealed that MAC-treated bacteria remain rod-137 shaped, which is in line with the fact that these bacteria retained their forward and side scatter 138 when measured by flow cytometry 10, 18 . In contrast to these purified conditions, we noticed 139 that E. coli bacteria start to disappear from the flow cytometry gate after approximately 40-60 140 minutes when these are incubated with full serum (data not shown). To investigate this 141 further, we adjusted the acquisition settings of our flow cytometry experiment to quantify the 142 number of particles in a sample, by measuring a fixed volume. Particles were qualified as rod-143 shaped bacteria when their forward scatter (FSC) and side scatter (SSC) was similar to that of 144 untreated bacteria (Fig. 1a) . A threshold was set on the SSC, to prevent the detection of 145 background events caused by serum or by bacteria that have a different morphology. 146
Exposing bacteria to serum drastically decreased the number of detected particles, suggesting 147 that these bacteria lost their natural rod-shape ( Fig. 1a, b ). Since the bacterial peptidoglycan 148 layer is important in maintaining the bacterial cell shape and to prevent bacterial lysis from 149 turgor pressure 22 , we questioned whether lysozyme in serum could be responsible for the 150 observed loss of particles. Although lysozyme is normally not active against E. coli, we 151 hypothesized that the combined action of complement and lysozyme in serum might promote 152 the degradation of the bacterial cell wall. To test this, we exposed bacteria to serum from 153 which >99% of the endogenous lysozyme was depleted (∆lysozyme serum) 18 . In the absence 154 of lysozyme, bacteria retained the same FSC/SSC as untreated bacteria, suggesting that these 155 bacteria remained rod-shaped. The effect of non-depleted serum was restored when lysozyme 156 was added back to the Δlysozyme serum ( Fig. 1a, b ). The repleted serum was even more 157 efficient than the non-depleted serum, likely because the added lysozyme concentration 158 exceeds that of normal serum with ~100x. The efficacy of lysozyme in serum was depended 159 on the presence of MAC pores, as no particles disappeared in the presence of the C5 inhibitor 160
OmCI, which prevents MAC formation 23 (SFig. 1a). 161
Since we observed that lysozyme plays a critical role in serum-mediated cell wall 163 degradation, we questioned whether lysozyme contributes to outer or inner membrane 164 damage. Although we previously observed that lysozyme is not essential for inner membrane 165 damage or killing of E. coli in 10% serum 18 , it may play a more crucial role in lower serum 166 concentrations. To study potential damage to each of the two bacterial membranes separately, 167
we used the genetically engineered E. coli strain that expresses mCherry in the periplasm and 168 6 treated bacteria with 1% serum or ∆lysozyme serum and measured the fluorescence intensity. 171 A reduced mCherry signal, an increase in Sytox intensity and a reduced viability was 172 observed in the presence and in the absence of lysozyme, showing that lysozyme is not 173 essential to damage both bacterial membranes or kill E. coli in serum ( Fig. 1c and SFig. 1b). 174
Instead, outer and inner membrane damage caused by serum were dependent on the MAC, 175 since both membranes remained intact and bacteria survived in the presence of OmCI ( Fig. 1c  176 and SFig. 1b). Altogether, these data show that although MAC-dependent damage to both 177 bacterial membranes does not depend on lysozyme, lysozyme is essential to further degrade 178 the bacterial cell wall in serum causing changes in FSC/SSC measured by flow cytometry. 179 180
The MAC and lysozyme in serum trigger alterations in the morphology of E. coli 181
Next, we questioned whether the bacteria that were not detectable anymore using our flow 182 cytometry settings in figure 1 were completely disintegrated, or whether their shape changed 183 in such a way that they appeared differently in the FSC/SSC plots. To track the changes in 184 FSC/SSC of serum-exposed bacteria, we labeled their LPS with a DBCO-Cy3 dye through 185 click-chemistry with a metabolically incorporated KDO-azide ( Fig. 2a) 24 . In addition, we 186 removed the SSC threshold in our flow cytometry settings, to be able to detect smaller 187 particles in the samples. Cy3-labeled bacteria were exposed to serum or ∆lysozyme serum 188 with or without purified lysozyme, after which the number of Cy3-positive particles was 189 quantified within a fixed volume. In contrast to the particle loss we observed in figure 1, the 190 total number of Cy3-positive events remained similar in all conditions (Fig. 2b) . This 191 suggests that the total number of bacterial particles detected by the flow cytometer is not 192 altered by incubation with serum. When we further analyzed the FSC/SSC of these Cy3-193 positive particles, we again observed that bacteria exposed to serum have an altered size and 194 shape, as evidenced by a changed FSC/SSC ( Fig. 2c) , which was less pronounced in the 195 absence of lysozyme. Instead, the number of Cy3-positive particles inside the FSC/SSC gate 196 drastically decreased when extra lysozyme was added to the ∆lysozyme serum ( Fig. 2c, d) . 197
Altogether, these data show that the combination of the MAC and lysozyme in serum triggers 198 alterations in the shape and size of E. coli, which we observe by a FSC/SSC shift compared to 199 non-treated bacteria. Although these bacteria are not completely disintegrated, the cell wall is 200 damaged in such a way that it drastically changes the bacterial morphology. 
The MAC and lysozyme alter the cell shape of E. coli from rod-shaped to spherical 205
To further validate our observations by flow cytometry, we then aimed to visualize the effect 206 of serum on the morphology of E. coli in more detail by confocal microscopy. To do so, we 207 treated peri mCherry/ cyto GFP E. coli with serum and analyzed the morphology in time. We 208 added an impermeable DNA dye (ToPro-3) to monitor inner membrane destabilization. The 209 inner membrane of these bacteria was efficiently damaged after approximately 60 minutes of 210 exposure to serum at room temperature (RT). After 90 minutes of serum exposure, the cell 211 shape of almost all bacteria had changed from rod-shaped to spherical, suggesting that also 212 the peptidoglycan layer was affected ( Fig. 3a) . We subsequently addressed the role of 213 lysozyme in these experiments by exposing bacteria to Δlysozyme serum with and without 214 purified lysozyme. When bacteria were exposed to ∆lysozyme serum that was supplemented 215 with purified lysozyme, bacteria rapidly lost their rod-shape, followed by a loss of GFP and 216
Topro-3 positive particles ( Fig. 3b) . In line with observations in figure 1 and 2, this happened 217 more efficient than in normal serum. In contrast, although we observed efficient inner 218 membrane damage in Δlysozyme serum within 40 minutes, these bacteria remained rod-219 shaped within the measured time-frame ( Fig. 3b) . Lysozyme-dependent alterations in cell 220 shape were also dependent on the presence of MAC pores, since no shape loss was observed 221
in the presence of the C5 inhibitors OmCI and Eculizumab (Fig. 3c) . To better visualize the 222 differences in cell shape of these bacteria, 3D reconstructions were generated of the 223 conditions described in figure 3b and c (SFig. 2). Altogether, these confocal images confirm 224 that the MAC in serum allows lysozyme to trigger alterations in the shape of E. coli from rod-225 shaped to spherical. 226
227

A completely assembled MAC pore is required for cell wall degradation by lysozyme 228
Next, we wanted to exclude the contribution of other serum components to cell wall 229 degradation in serum and aimed to test whether a complete MAC pore is required for 230 lysozyme-dependent cell wall destruction. To do so, we pre-labeled bacteria with C9-depleted 231 serum (ΔC9 serum), leading to C5b-8 complex formation on the bacterial surface. Since no 232 mCherry (26.7 kDa protein) leaks out through C5b-8 pores 18 , we assume that no serum 233 proteins can enter the periplasmic space at this stage. C5b-8-labeled bacteria were washed, 234 after which purified C9 was added in the presence or absence of lysozyme. A decrease in the 235 number of particles inside the FSC/SSC gate was observed when lysozyme was added in 236 combination with C9 ( Fig. 4a) . In contrast, although the bacterial inner membrane was 4a, b). Lysozyme by itself did not trigger inner membrane damage or alterations in the 239 FSC/SSC on bacteria with C5b-8 complexes ( Fig. 4a, b ). Next, we added a titration of C9 to 240 bacteria with C5b-8 complexes in the presence or absence of lysozyme, and monitored 241 mCherry leakage and particle count. Lysozyme-induced particle loss coincided with the 242 leakage of mCherry from the periplasm (Fig. 4c) . The particle count inside the FSC/SSC gate 243 remained stable with increasing concentrations of C9 in the absence of lysozyme ( Fig. 4c) , 244
confirming that the MAC does not trigger a change in morphology by itself 18 . Taken together, 245
these data indicate that completely assembled MAC pores allow proteins such as mCherry and 246 lysozyme to cross the bacterial outer membrane. 247
248
The MAC sensitizes E. coli to antimicrobial proteins with different effector functions 249
As extensively described above, outer membrane permeabilization by the MAC sensitizes E. 250 coli to cell wall degradation by lysozyme. Next, we questioned whether this is also true for 251 other antimicrobial proteins, with a completely different function. Therefore, we included an 252 antimicrobial protein that hydrolyzes the cytoplasmic membrane of bacteria, Type IIA 253 secreted phospholipase A2 (hGIIA) 21 . Similar to lysozyme, hGIIA is considered specific for 254
Gram-positive bacteria 25 . To this end, bacteria were pre-labeled bacteria with ΔC9 serum and 255 exposed to C9, in the presence or absence of lysozyme or recombinant hGIIA. As described 256 above, C9 alone did not alter the shape of these bacteria, whereas a change in FSC/SSC was 257 observed when a combination of C9 and lysozyme was added ( Fig. 5a, b) . Although some 258 particles were lost from the FSC/SSC gate with only hGIIA, this was much more efficient 259 when a combination of hGIIA and C9 was added ( Fig. 5b) . Bacteria that were still detected 260 after treatment with a combination of hGIIA and C9 appeared within the FSC/SSC of 261 untreated bacteria ( Fig. 5a ). Almost all events were lost when bacteria were treated with a 262 combination of C9, lysozyme and hGIIA ( Fig. 5a, b) . We then tested the effect of the MAC, 263
hGIIA, lysozyme or a combination of those on the level of cytoplasmic GFP of the 264 (remaining) bacteria. Although hGIIA alone slightly decreased the intensity of cytoplasmic 265 GFP, the addition of increasing concentrations of C9 drastically decreased the GFP signal of 266 these bacteria. In contrast, whereas lysozyme triggered efficient shape loss in the presence of 267 C9, these bacteria remained GFP positive. In line with previous observations, the MAC alone 268 also had no effect on the level of cytoplasmic GFP (Fig. 5c) 10 . Altogether, we conclude that 269 the MAC sensitizes E. coli to antimicrobial proteins with different effector functions, acting
The MAC sensitizes E. coli to killing by neutrophils 273
For intracellular killing by neutrophils, Gram-negative bacteria are taken up into 274 phagolysosomes that contain a large number of antimicrobial proteins and peptides 16, 26 . 275
Several of these proteins, including lysozyme and hGIIA, are considered inactive against 276
Gram-negative bacteria and require other factors in the phagolysosome to first damage the 277 bacterial outer membrane 12, [27] [28] [29] [30] . Given that the MAC efficiently sensitizes E. coli to 278 antimicrobial proteins in serum, we hypothesize that it may also sensitize bacteria to 279 antimicrobial factors inside neutrophils. To test this, we treated Peri mCherry/ cyto GFP E.coli 280
with Δlysozyme serum to allow MAC formation while maintaining the cell shape ( Fig. 6a) , 281
and exposed them to neutrophils to allow phagocytosis. Intracellular bacteria were efficient 282 degraded, as evidenced by the diffused GFP signal and the absence of clear rod shape bacteria 283 ( Fig. 6a) . In serum, bacteria are efficiently labeled with C3b molecules, which enhances 284 phagocytosis and thereby facilitates bacterial killing by neutrophils 31,32 . However, the 285 contribution of MAC pores to killing by neutrophils is less well understood. To directly study 286 the effect of MAC pores on sensitizing bacteria to neutrophils, we incubated 287 Peri mCherry/ cyto GFP E.coli with ΔC5 serum to label the bacterial surface with C5 convertase 288 as previously described 18 . These bacteria were then exposed to buffer, or to purified C5-C9 to 289 allow pore formation. When convertase-labeled bacteria were internalized by neutrophils, 290 bacteria remained rod-shaped within the measured time-frame (Fig. 6b) . Instead, when 291 convertase-labeled bacteria were first exposed to purified MAC components (C5-C9) and then 292 internalized by neutrophils, bacteria lost their rod shape (Fig. 6b) . Importantly, a higher laser 293 intensity was needed to detect the GFP signal in the samples with MAC components. Besides 294 the fact that GFP is more diffuse in these conditions, it might also be degraded inside the 295 phagolysosome. To test whether a full MAC pore is required to sensitize bacteria to 296 neutrophils, we included a condition in which C9 was omitted, to allow MAC formation up to 297 C8. When these bacteria were phagocytosed, they still appeared as rod-shaped particles inside 298 the neutrophil (Fig. 6b) , showing that a complete MAC pore (C5b-9) is required to sensitize 299 E. coli to intracellular degradation by neutrophils. 300
301
We next performed flow cytometry experiments to study the role of the MAC inside 302 neutrophils in a more high-throughput way. We carefully titrated the number of MAC pores 303 on Peri mCherry/ cyto GFP bacteria by exposing them to ΔC8 serum and, after washing, a 304 concentration range of C8 in the presence or absence of C9. These bacteria were subsequently 305 exposed to neutrophils. In each experiment, the GFP intensity of neutrophils exposed to bacteria treated with ΔC8 serum was used as a reference value (Fig. 6c) . The GFP signal 307 within the neutrophil population drastically decreased when pre-labeled bacteria were 308 incubated with both C8 and C9. In contrast, it remained relatively stable when only C8 was 309 added (Fig. 6c) . This correlates with the confocal experiments, in which a higher 488-laser 310 intensity was required to detect GFP inside neutrophils when bacteria were treated with full 311 MAC pores. We next repeated the experiment with bacteria of which the LPS was labeled 312 with Cy3 (as described above) to verify that the efficiency of phagocytosis was unaffected by 313 the pre-treatment with different combinations of MAC components. The Cy3 signal of the 314 neutrophil population was equal in each condition, suggesting that the same amount of 315 bacteria was phagocytosed and that Cy3 is less sensitive to losing its fluorescence inside 316 neutrophils than GFP (SFig. 3) . Finally, we used the same experimental setup to assess 317 whether the MAC also increases bacterial killing (CFU/ml) by neutrophils. When only C8 318 was added to bacteria pre-treated with ΔC8 serum, no killing was observed in the presence or 319 absence of neutrophils ( Fig. 6d) . At the highest concentration of C8 (50 pM), E. coli was 320 efficiently killed in the presence of C9, and therefore only a slight additive effect of 321 neutrophils could be measured (Fig. 6d) . However, at the C8 concentrations where addition of 322 C9 or neutrophils alone was not sufficient to kill these bacteria (12.5 and 25 pM), the 323 combination of both triggered efficient killing of these bacteria (Fig. 6d) . Altogether, these 324 can partly be attributed to the presence of an outer membrane that is selectively permeable to 331 antibiotics and endogenous antimicrobials. Therefore, combination therapy of antibiotics and 332 outer membrane permeabilizing agents have become more attractive over the last decades 5-9 . 333
Additionally, our own immune system can damage the bacterial outer membrane in such a 334 way that it sensitizes bacteria to naturally ineffective antibiotics. Specifically, MAC pores 335 efficiently disrupt the bacterial outer membrane, allowing antibiotics to enter the periplasmic 336 space and fulfill their antimicrobial functions 10 . Our recently developed fluorescent reporter 337 system enabled us to unravel in detail how the complement system kills Gram-negative 338 bacteria. These tools are essential to discriminate between different types of membrane 339 damage and to study how these influence bacterial viability and cell wall integrity. By labeling different cell compartments and the bacterial cell membrane (LPS), we are now able 341 to study membrane damage and shape changes by flow cytometry and confocal microscopy. 342
Using these tools, we previously demonstrated that the MAC forms pores in the bacterial 343 outer membrane that trigger destabilization of the bacterial inner membrane, which is 344 essential for bacterial killing. However, we noticed that the complement system alone does labeled bacteria were not degraded or killed by neutrophils, suggesting that this process is 394 relatively inefficient. In contrast, internalized bacteria were efficiently degraded and killed 395 when these were pre-treated with full MAC pores (C5b-9) that allow intracellular proteins to 396 cross the outer membrane 18 . These results suggest that the complement system does not only 397 enhance phagocytosis via the deposition of C3b molecules, but that the MAC also plays a 398 crucial role in degradation of Gram-negative bacteria by neutrophils. Vice versa, intracellular 399 or secreted antimicrobial proteins that enhance the outer membrane permeability of bacteria 400 (such as BPI) may also enhance the efficiency with which MAC pores insert into the bacterial 401 outer membrane and kill bacteria 9 . Although the tested E. coli strain is sensitive to killing by 402 certain concentrations of MAC pores alone, we showed that these bacteria are also efficiently 403 killed inside neutrophils when opsonized with non-bactericidal concentrations of MACs. It is 404 likely that several factors in the phagolysosome, among which lysozyme and hGIIA 19 are 405 involved in the killing of MAC-opsonized bacteria. However, since killing of E. coli by 406 neutrophils is only enhanced in the presence of all MAC components, it likely depends on 407 proteins that need to cross the outer membrane.
We hypothesize that MAC-dependent cell wall degradation of bacteria by lysozyme, hGIIA 409 and other antimicrobial proteins may facilitate and accelerate clearance of these particles from 410 the body, for example by neutrophils. Since the shape of internalized particles influences 411 immune cell activation 44 , this may also play a role in antigen presentation and stimulation of a 412
proper adaptive immunity response. Faster clearance of Gram-negative bacteria from the body 413 could prevent ongoing immune activation on the surface of these bacteria that are already 414 killed. However, further research is needed to show the exact relevance of each step of cell 415 envelope degradation on immune-mediated clearance of bacteria. 416
417
The fact that MAC-dependent outer membrane damage sensitizes Gram-negative bacteria to 418 cell envelope degradation by lysozyme and hGIIA suggests that also other outer membrane 419 permeabilizing agents can synergize with human immune factors. In this study, we showed 420 that the MAC sensitizes E. coli to the antimicrobial actions of lysozyme, hGIIA and 421 neutrophils. However, we propose that this mechanism applies to a broad range of 422 antimicrobial proteins, peptides and antibiotics that normally fail to pass the outer membrane 423 of Gram-negative bacteria 10,45 . The synergy between MAC pores and antimicrobial proteins 424 might even be more crucial to kill bacterial strains on which MAC pores form in the outer 425 membrane that fail to damage the inner membrane and kill these bacteria. 
Serum and reagents 430
Pooled normal human serum (NHS) was obtained from healthy volunteers as previously 431 described 46 . Human neutrophils were isolated on the day of the experiment from freshly 432 drawn heparinized blood of healthy volunteers using density gradient centrifugation 47 . 433
Complement factor C8 and sera depleted of C5, C8 or C9 were obtained from Complement 434
Technology. His-tagged C5, C6, C7 and C9 and OmCI were expressed in and purified from 435 HEK293E cells (U-Protein Express) 23 . Lysozyme-depleted serum was prepared by affinity 436 depletion using an LprI column and checked for complement activity, as described in 18 . 437
Human neutrophil lysozyme was obtained from RayBiotech. To obtain Peri mCherry/ cyto GFP E. 
Confocal microscopy 482
For the time-course experiments, Peri mCherry/ Cyto GFP E. coli were grown in the presence of 483 L-arabinose as described above, washed three times in PBS and concentrated to OD 600~2 in 484 PBS. Bacteria were immobilized on a poly-L-lysine (0.01%, Sigma-Aldrich) covered 8 well 485 µ-slide chamber (Ibidi) for 45 minutes. Chambers were rinsed three times with PBS after 486 which RPMI-HSA containing 1 µM To-pro-3 (Thermofisher) was added. A T=0 image was 487 taken, after which 5% normal serum or Δlysozyme serum with or without 5 µg/ml purified 488 lysozyme was added. The Δlysozyme serum + lysozyme was imaged with and without 20 489 µg/ml OmCI and Eculizumab. GFP and To-pro-3 intensity was measured after the indicated 490 time-pointes at room temperature. To image GFP bacteria inside neutrophils, the samples 491 were prepared as described above and fixed in 1.5% paraformaldehyde. Neutrophil 492 membranes were stained for 15 minutes with 2 µg/ml Alexa Fluor 647-conjugated Wheat 493
Germ Agglutinin (ThermoFisher). Samples were concentrated and dried onto 1% agar pads. 494
All images were obtained using a Leica SP5 confocal microscope with a HCX PL APO CS 495 63×/1.40-0.60 OIL objective (Leica Microsystems, the Netherlands). GFP was measured 496 using the 488 laser, Alexa-647 and To-pro-3 were imaged using the 647 laser. Both lasers 497
were used in combination with the appropriate emission filter settings. 498 499
Data analysis and statistics 500
Flow cytometry data was analyzed using FlowJo (version 10). Graphpad 6.0 was used for 501 graph design and statistical analysis. Statistical analysis was done using a one-way ANOVA 502 with the appropriate corrections for multiple comparisons as indicated in the figure legends. 
